Neocortical development proceeds through the formation of new zones in which neural-lineage cells are organized based on their differentiation status. Although microglia initially distribute homogeneously throughout the growing cerebral wall, they accumulate in the inner cytogenic zone, the ventricular zone (VZ) and the subventricular zone (SVZ) in the mid-embryonic stage. However, the roles of these cells
| INTRODUCTION
Microglia, the immune cells that reside in the central nervous system, play multiple roles in the adult brain: maintaining homeostasis by clearing damaged cells and debris, building up neuronal networks by modulating synaptic connections, and controlling production of neurons (Cardona et al., 2006; Hanisch & Kettenmann, 2007; Hoshiko, Arnoux, Avignone, Yamamoto, & Audinat, 2012; Neumann, Kotter, & Franklin, 2009; Paolicelli et al., 2011; Sierra et al., 2010) . Despite recent progress in elucidating the function of microglia in the adult brain, the roles of these cells in the embryonic stage still remain unclear. Embryonic neocortical development, which proceeds via production and positioning of neural-lineage cells (Rakic, 1974) , is accompanied by stage-dependent localization of microglia (Perry, Hume, & Gordon, 1985; Squarzoni et al., 2014; Swinnen et al., 2013; Thion & Garel, 2017) . In mice, microglia derived from yolk sac primitive macrophage progenitors enter the brain primordium at embryonic day 8 (E8) and invade the cerebral wall (pallium) around E10 (Alliot, Godin, & Pessac, 1999; Ginhoux et al., 2010; Goldmann et al., 2016; Perry et al., 1985) . Although intrapallial microglial distribution is initially (~E13) homogeneous, in the mid-embryonic stage microglia change their remain to be elucidated. In this study, we found that microglia, despite being only a minor population of the cells that constitute the cerebral wall, promote the differentiation of neural progenitor cells by frequently moving throughout the cortex; their migration is mediated by the CXCL12/CXCR4 system. Pulse-chase experiments confirmed that microglia help Pax6 + stem-like cells to differentiate into Tbr2 + intermediate progenitors. Further, monitoring of microglia by live imaging showed that administration of AMD3100, an antagonist of CXCR4, dampened microglial movement and decreased microglial surveillance throughout the cortex. In particular, arrest of microglial motion led to a prominent decrease in the abundance of Tbr2 + cells in the SVZ. Based on our findings, we propose that extensive surveillance by microglia contributes to the efficient functioning of these cells, thereby regulating the differentiation of neural stem-like cells. distribution and accumulate in the cytogenic zones (SVZ and VZ) (Barger et al., 2018; Cunningham, Martínez-Cerdeño, & Noctor, 2013; Squarzoni et al., 2014; Swinnen et al., 2013) . The possible involvement of microglia in regulating the differentiation status of neural progenitor cells in the SVZ/VZ remains controversial. Previous study showed that in the developing rat cortex, microglia phagocytotically eliminate Tbr2 + neural progenitors (Cunningham et al., 2013) , whereas the other group showed that the abundance of Tbr2 + cells in the SVZ is reduced in mice lacking microglia, implying that microglia normally increase the abundance of Tbr2 + cells (Arnò et al., 2014) . In contrast, Squarzoni et al. reported no major anomalies due to the absence of microglia or prenatal inflammation (Squarzoni et al., 2014) . To reexamine the biological roles of microglia in the SVZ/VZ, we carried out in vitro and in vivo pulse-chase analyses that enabled us to track the fate of neural progenitors and investigate for the first time whether their surveillance area affects their functional performance.
K E Y W O R D S

| RESULTS
| Microglia modulate the differentiation status of neural progenitor cells
To address the biological roles of microglia in the mid-corticogenic period, we carried out in vitro pulse-chase experiments in cocultures of neural progenitors and microglia ( Figure 1a ). Soon (30 min) after in vivo pulse labeling with (Figure 1d ). By contrast, %Tbr2 + / BrdU + was significantly higher in cultures containing microglia than in microglia-free cultures (p = 2.7 × 10 −5 ) ( Figure   1e ). To further confirm that the observed bias toward differentiation did not result simply from a 16% increase in the total cell density (microglia-containing culture>control culture), we repeated the same assay by adjusting the total number of cells between the control (microglia-free) and the microglia-containing cultures (7.2 × 10 4 cells on each 5-mmdiameter coverslip). Again, the frequency of Pax6 expression decreased (p = 0.003), whereas that of Tbr2 expression increased (p = 1.6 × 10
) in the presence of microglia. Taken together, these results suggested that microglia make a greater contribution to the acquisition of differentiated properties than to the maintenance of stem-like identity.
| Depletion of microglia leads to a decrease in Tbr2 + intermediate progenitors and an increase in Pax6 + stem-like cells in the cortex
To further verify this, we eliminated microglia in vivo using liposomal clodronate (Drabek et al., 2012; Kumamaru et al., 2012; Rooijen & Sanders, 1994) . In these experiments, E13 embryos were injected in the lateral ventricle with liposomal clodronate or control liposomes, and after 1 day (E14), the dam was intraperitoneally injected with BrdU ( Figure 2a ). Twenty-four hours after the BrdU pulse (E15), microglia were significantly depleted in the pups treated with liposomal clodronate (p = 1.7 × 10 −8 ) ( 
| Microglia fail to promote differentiation of neural progenitors when their movement is inhibited
As shown in Figure 1b , FACS analysis showed that CX3CR1 + microglia only accounted for 0.5%-1% of the total cerebral wall cells in E14. Given this, how can they exert their roles in promoting differentiation of neural progenitors? Because they move through the developing cortex (Swinnen et al., 2013) , microglia must contact many surrounding cells and extend their projections over long distances (in some cases, the end-to-end length of a single cell can be 100 µm). Recent study showed that microglia simultaneously interacted with many neural progenitor cells in the proliferative zone in the fetal rhesus monkey cerebral cortex (Barger et al., 2018) . To investigate the relationship between the functional performance of microglia and their position, we monitored the area that microglia (including their projections) occupied within developing cortex, which defined as the area of microglial surveillance. Tracking in the VZ/SVZ/IZ for 10 hr by live imaging in E14 CX3CR1-GFP mice showed that microglial surveillance accounted for 39.1% of the total area (Figure 3a ; Supporting Information Video S1), suggesting that microglia cover a wide area of the cortex. The interaction of CXCL12, which is specifically expressed in the SVZ (Mithal, Banisadr, & Miller, 2012; Tham et al., 2001) , and CXCR4, which is expressed on microglia (Tissir, Wang, & Goffinet, 2004) , contributes to microglial recruitment in the SVZ (Arnò et al., 2014) . In particular, addition of AMD3100, an antagonist of CXCR4 (Donzella et al., 1998) , into the culture media during live imaging of the cortical slices led to sluggish microglial motion, significantly decreasing the surveillance area from 39.1% into 20.6% (p = 0.0002) (Figure 3b ,c; Supporting Information Video S2). Thus, the CXCL12/CXCR4 system contributes not only to microglial recruitment into the SVZ, but also to their extensive patrolling throughout the cortical wall.
| Genes to Cells
HATTORI And MIYATA
To determine whether this decrease in microglial surveillance area affected the functional performance (specifically, promoting production of Tbr2 + intermediate progenitors), we injected AMD3100 into the lateral ventricle of E13 embryos.
Immunohistochemical analysis (E15) 24 hr after BrdU labeling showed that the number of Pax6 + BrdU + was significantly higher in AMD3100-administered mice than in control mice ( Figure  3d,e) , whereas the number of Tbr2 + BrdU + cells was lower
Genes to Cells HATTORI And MIYATA (Figure 3f,g ). In addition, AMD3100 treatment also significantly increased the number of pH3 + mitotic cells positioned at the apical surface (data not shown). These data indicated that flexible mobility may be essential for microglial promotion of Tbr2 + cell production. In summary, our findings indicate that microglia regulate neural progenitor differentiation via extensive surveillance of the cortex, mediated by the CXCL12/CXCR4 axis, thereby helping neural stem-like cells to acquire differentiated properties.
| DISCUSSION
The results of our in vitro and in vivo pulse-chase experiments were consistent with previous observations by Arnò et al., who showed the number of Tbr2 + cells decreased slightly at E13.5 and more dramatically at E17.5 in Csf-1R-knockout mice, in which microglia are conditionally depleted (Arnò et al., 2014) . Another study in which microglial activity was al. Because our assessment, conducted via fate-tracking of daughter cells generated from BrdU-labeled progenitors, was carried out soon (24 hr) after the manipulation, we mainly analyzed the period of cell fate choice rather than the subsequent cell-survival phase. Consequently, secondary effects that might arise during a longer time period should have been excluded. How can microglia modulate the differentiation status of neural progenitors? In light of a previous report showing that microglia secrete some cytokines, such as IL-1β, IL-6, and TNF-α, all of which increase early postnatal neuronal differentiation (Giulian, Baker, Shih, & Lachman, 1986; Nakanishi et al., 2007; Shigemoto-Mogami, Hoshikawa, Goldman, Sekino, & Sato, 2014) , it is possible that some of these factors might also play a role in the embryonic SVZ/ VZ.
| EXPERIMENTAL PROCEDURES
| Mice
CX3CR1-GFP mice (Jung et al., 2000) were purchased from the Jackson Laboratories (Bar Harbor, ME, USA). ICR mice (for neural progenitor cell culture) were purchased from Japan SLC, Inc. (Hamamatsu, Japan). Mice were housed under specific pathogen-free conditions at Nagoya University. All protocols for animal experiments were approved by the Animal Care and Use Committee of Nagoya University.
| Live imaging in cortical slice culture
To obtain cortical slices covered with intact meninges, whole forebrains isolated from E14 CX3CR1-GFP mice were embedded in 2% agarose gel and sliced coronally (350 µm) using a vibratome. The slices were then cultured in collagen gel as previously described (Miyata et al., 2004) . Time-lapse imaging was carried out using confocal microscopy CV1000 (Olympus, Tokyo, Japan), as described previously (Okamoto et al., 2013) . Chambers for on-stage culture were filled with 40% O 2 . Where indicated, AMD3100 (Sigma-Aldrich, St. Louis, MO, USA) was added to the culture medium at 20 µg/ ml. Time-lapse imaging for cell tracking was carried out at 10-min intervals for 10 hr.
| Cell sorting
Freshly isolated pallial walls were treated with trypsin (0.05%, 3 min at 37°C). Dissociated pallial cells were filtered through a 40-μm strainer (Corning, Corning, NY, USA) to eliminate all remaining cell clumps and then resuspended in DMEM containing 5% fetal bovine serum (FBS) (Invitrogen, Waltham, MA, USA), 5% horse serum (HS) (Invitrogen) and penicillin/streptomycin (50 U/ ml, each) (Meiji Seika Pharma Co., Ltd., Tokyo, Japan). CX3CR1-GFP + cells were sorted through a 100-μm nozzle on a FACSAria II (BD Bioscience, Franklin Lakes, NJ, USA). The drop delay was optimized using Accudrop™ beads (BD Biosciences).
| Coculture of neural progenitor cells and microglia
Cerebral walls were dissected from E12 ICR embryos 30 min after intraperitoneal injection of the dam with 5-bromodeoxyuridine (BrdU) (50 mg/kg, Sigma-Aldrich), and then dissociated into single cells. Cells were then plated at a density of 3.1 × 10 5 cells on glass coverslips (5 mm diameter, Matsunami Glass, Osaka, Japan) coated with polyethylenimine (Sigma-Aldrich) in a compartment prepared by placing a silicone rubber ring (8 mm inner diameter, 1.5 mm thick) in a 35-mm plastic dish (Corning). About 30 min after placing cells, CX3CR1-GFP + cells prepared from E14 CX3CR1-GFP mice were added at a density of 5 × 10 4 cells/cm 2 . The outer silicone rubber ring was filled with the additional media after cells were placed, and then, coculture was performed in a 5% CO 2 /37°C incubator for 24 hr. In this experiment, we used DMEM supplemented with 5% FBS, 5% HS, 50 U/ ml penicillin/streptomycin, 10 ng/ml EGF (PeproTech, Inc., Rocky Hill, NJ, USA), and 10 ng/ml bFGF (Invitrogen). Use of a silicone rubber-based chamber was necessary to avoid drying of the culture medium.
| Immunofluorescence
Immunohistochemistry was carried out as described previously (Okamoto et al., 2013 
| Selective depletion of microglia by administration of liposomal clodronate into the mouse ventricle
After pregnant ICR mice were anesthetized by intraperitoneal injection of pentobarbital sodium, somnopentyl (Kyoritsu Seiyaku, Tokyo, Japan), control liposomes or liposomal clodronate (Encapsula NanoSciences, Brentwood, TN, USA) dissolved in saline were injected into the lateral ventricle of embryos at E13. After a 24-hr chase from BrdU administration at E14, liposome-injected embryos (E15) were perfused with 4% PFA, and the brains were subjected to immunohistochemistry. To exclude the possibility that pharmacological treatments at E13 might have affected the incorporation of BrdU at E14 (if that were the case, our pulse-chase protocol would have not effectively assessed the role of microglia), we separately checked the BrdU labeling index (i.e., the density of BrdU + nuclei in the cerebral wall 30 min after BrdU labeling) at E14. The embryos that were administered with liposomal clodronate or AMD3100 at E13 showed labeling indices very similar to that obtained in untreated E14 embryos, verifying our pulse-chase protocol.
| Administration of AMD3100 into the mouse ventricle
After pregnant ICR mice were anesthetized, AMD3100 dissolved in saline (1 µg/µl) was injected into the lateral ventricle of embryos at E13. After a 24-hr pulse of BrdU at E14, the brains of embryos (E15) were fixed with 4% PFA. We separately confirmed that AMD3100 did not have direct effects on differentiation of neural progenitors: When FACSisolated CX3CR1 -cells were cultured in the presence of AMD3100, the expression of Pax6 and Tbr2 did not change from that obtained in AMD3100-free progenitor cell cultures.
| Statistical analysis
Quantitative data are presented as means ± SD from representative experiments (n ≥ 4). All statistical analyses were carried out using the Mann-Whitney U-test. p < 0.05 was considered significant. p-Values are indicated in figures as follows: *p < 0.05; **p < 0.01; ***p < 0.001, or n.s. (not significant).
